Asbestos causes asbestosis and malignancies by molecular mechanisms that are not fully understood. The modes of action underlying asbestosis, lung cancer, and mesothelioma appear to differ depending on the fiber type, lung clearance, and genetics. After reviewing the key pathologic changes following asbestos exposure, we examine recently identified pathogenic pathways, with a focus on oxidative stress. Alveolar epithelial cell apoptosis, which is an important early event in asbestosis, is mediated by mitochondria-and p53-regulated death pathways and may be modulated by the endoplasmic reticulum. We review mitochondrial DNA (mtDNA)-damage and -repair mechanisms, focusing on 8-oxoguanine DNA glycosylase, as well as cross talk between reactive oxygen species production, mtDNA damage, p53, OGG1, and mitochondrial aconitase. These new insights into the molecular basis of asbestos-induced lung diseases may foster the development of novel therapeutic targets for managing degenerative diseases (e.g., asbestosis and idiopathic pulmonary fibrosis), tumors, and aging, for which effective management is lacking.
INTRODUCTION
category of naturally occurring mineral silicate fibers, including chrysotile (the only serpentine fiber) and amphiboles (e.g., crocidolite, amosite, tremolite, anthophyllite, and actinolite). In 1987, the International Agency for Research on Cancer (6) classified asbestos as a group 1 (definite) human carcinogen. Although the use of asbestos has been nearly eliminated in the United States since the 1970s, its considerable presence in buildings, combined with the long latency period of 15 to 40 years between exposure and pulmonary toxicity, indicates that asbestos-related lung diseases will continue to pose a challenge (5) . The long latency period also affords an opportunity to prevent the progression from exposure to disease. Importantly, the asbestos paradigm should provide key pathophysiologic insights into other, more common lung diseases [e.g., idiopathic pulmonary fibrosis (IPF) and lung cancer], which require effective pharmacologic management.
We focus on asbestosis because it is present in nearly all patients with asbestos-related lung cancers and because asbestosis has similarities to IPF, a much more common lung disease with a worse prognosis, for which effective treatment is urgently required. After briefly reviewing the term asbestos and the key pathologic changes following asbestos exposure, we examine recent investigations highlighting important pathogenic pathways involving oxidative stress, apoptosis, and inflammation. Alveolar epithelial cell (AEC) apoptosis is a crucial early event observed in asbestosis as well as in patients with IPF. We explore the evidence implicating the mitochondria-and p53-regulated death pathways, as well as a possible emerging role for the endoplasmic reticulum (ER) in modulating AEC apoptosis. We review mitochondrial DNA (mtDNA)-damage and -repair mechanisms focusing on 8-oxoguanine DNA glycosylase 1 (OGG1) and mitochondrial aconitase (ACO2), which is a redox-sensor molecule involved in mtDNA maintenance. Mitochondrial OGG1 and Aco2 have recently been implicated in attenuating oxidant (asbestos and H 2 O 2 )-induced AEC apoptosis. Collectively, these studies are providing insight into the molecular basis of asbestos-induced lung diseases.
PATHOLOGIC CHANGES Asbestos Fiber Types
Asbestos is the name given to numerous naturally occurring fibrous silicate minerals that have high tensile strength, the ability to be woven, and resistance to heat and most chemicals. Figure 1 depicts four common types of asbestos fibers. The World Health Organization, the National Institute for Occupational Safety and Health, and the Occupational Safety and Health Administration define the regulated form of asbestos as fibers whose length is greater than 5 μm and whose length:width ratio is 3:1 (1). The serpentine chrysotile, or white asbestos, accounts for more than 95% of the asbestos previously used for industrial purposes in the United States. Chrysotile consists of a 1:1 silicate layer with a chemical formula represented as Mg 3 [Si 2 O 5 ](OH) 4 , where layers of a silicate sheet are connected to octahedral sheets of MgO 2 (OH) 4 . Because of misalignment between the two layers, the fibers are curled, wavy, flexible, easily breakable, and soluble in tissues. Some chrysotile fibrils exist in cylindrical layers and others in spiral configurations, so the surface groups exposed to the environment are unique in each configuration (1) .
Amphibole asbestos fibers are rigid, sharp, and highly resistant to chemical and biological solution, and they have a longer biological persistence compared with that of chrysotile (1, 7) . Amphibole asbestos consists of double-chain silicates that are also characterized by units similar to chrysotile. Crocidolite, or Cape Blue asbestos, is an amphibole asbestos whose chemical unit is Na 2 (Fe 3+ ) 2 (Fe 2+ ) 3 Si 8 O 22 (OH) 2 . Crocidolite consists of a double-chained, tetrahedrally coordinated SiO 4 that is separated by ribbons of octahedrally coordinated cations (7) . Amosite (or brown amphibole asbestos) is named for the company Asbestos Mines of South Africa. The unit structure of amosite is (Mg,Fe 2+ ) 7 Si 8 O 22 (OH) 2 , where iron exists in the ferrous ionic state (7) . Other asbestos fiber types include tremolite Ca 2 2 . Although the core structures of crocidolite and amosite contain considerable iron (~27-30%) that can be redox activated, the surface of chrysotile can also contain redox-active iron (1-6%) (7, 8) .
The determinants of fiber toxicity depend on multiple factors, including (a) dose, (b) dimension, (c) biodurability, (d ) surface reactivity, and (e) the genetic background of the host exposed. A detailed analysis of these areas is beyond the scope of this review, but they have recently been extensively assessed elsewhere (1, 2, 7, 9) . In this section, we highlight a few important principles; the roles of surface reactivity and genetics are discussed further below.
Asbestos dose is a crucial determinant for triggering inflammation; high doses over short periods promote an acute neutrophil-predominant inflammation, whereas low doses over prolonged exposure periods promote alveolar macrophage (AM)-predominant chronic inflammation. Fiber dimensions are important because only very thin fibers (diameter <0.4 μm and length <10 μm) are respirable to the distal alveolar space; long fibers cannot be fully engulfed by AMs because they are biodurable. Phagocytosis of fibers is also limited by the size of the AMs (generally 14-21 μm). The clearance of short chrysotile asbestos fibers is rapid, whereas clearance of the long chrysotile fibers is slow or insignificant (10) . In general, fibers greater than 20 μm in length are associated with asbestosis, and fibers greater than 10 μm in length are the most carcinogenic; however, the carcinogenicity of amphiboles is two orders of magnitude greater than that of chrysotile (1) . There is some evidence that fibers less than 5 μm in length can also promote pulmonary fibrosis and malignancy, especially when administered as a lung overload condition, as can occur in dust clouds (2) . The biopersistence of chrysotile fibers is greater than that of amphibole fibers (months versus years, respectively), but chrysotile has less surface area (27 versus ~8 m 2 g -1 ) (7). Tobacco smoking, a common confounder in human studies involving asbestos workers, impairs asbestos clearance, which probably accounts in part for the observation that tobacco smoke augments asbestos pulmonary toxicity (11, 12) . Despite these advances in our understanding, future work is necessary to more precisely define the term asbestos, especially in the context of epidemiologic and pathophysiologic studies (1, 2) . Better knowledge of the complex interplay among fiber type, dimensions, chemistry, and factors controlling biopersistence will help investigators and regulators working in the field and, ideally, eliminate human diseases resulting from asbestos exposure.
Role of Inflammation
AEC injury and recruitment of inflammatory cells are important early events in the pathogenesis of chronic interstitial lung fibrosis, including asbestosis (13) (14) (15) (16) . The alveolar epithelium is composed of (a) alveolar epithelial type I cells that cover ~90% of the alveolar surface area and are susceptible to an oxidant stress and (b) alveolar epithelial type II (AT2) cells that produce surfactant and can proliferate and differentiate into type I cells. The early stage of asbestosis is characterized by discrete foci of fibrosis within the respiratory bronchiole walls and alveolar duct bifurcations associated with the accumulation of asbestos bodies (2, (13) (14) (15) (16) . Asbestos triggers the accumulation of AMs and an inflammatory reaction, followed by more diffuse pulmonary involvement characterized by (a) loss of alveolar epithelial type I and AT2 cells, (b) fibroblast proliferation, and (c) collagen deposition. The pulmonary fibrosis of asbestosis is associated with fibrosis of the walls of the respiratory bronchioles and alveolar ducts (Figure 2) . The site of asbestos-induced inflammation occurs at the area of fiber deposition along airways and in alveolar spaces. Patients with asbestosis typically have radiographic and histologic evidence of distal lung fibrosis, and there is controversy about whether bronchiolar wall fibrosis without distal parenchymal fibrosis should also be subsumed under the term asbestosis (13, 16) . Macrophage ingestion of asbestos fibers triggers a fibrogenic response from fibroblasts via the release of growth factors, such as transforming growth factor β (TGF-β) and platelet-derived growth factor, as well as cytokines, such as tumor necrosis factor α (TNF-α) and interleukin-1β (IL-1β), that collectively promote collagen deposition (see References 2 and 17 for a review). As discussed below, accumulating evidence also implicates an important role for macrophagederived reactive oxygen species (ROS) in mediating asbestosis.
An asbestos body (Figure 3) is a fibrous structure (20-200 μm in length and 2-6 μm in width) with asbestos in its core encased by mucopolysaccharides and iron-rich proteins (e.g., ferritin and hemosiderin) that can be redox activated (9, 18, 19) . Asbestos bodies, which represent nearly one-third of the lung fiber burden of coated to uncoated asbestos fibers, are diagnostic of asbestosis if detected in patients with pulmonary fibrosis either in a histological specimen or in the bronchoalveolar lavage fluid (BALF) at a level greater than one asbestos body per milliliter (16, 20) . A diagnosis of asbestosis does not necessarily require a tissue biopsy if the following are present: (a) reliable asbestos exposure; (b) an appropriate latency period, typically >20 years; (c) abnormal chest imaging showing subpleural, basal-predominant reticular abnormalities typically with pleural plaques (80-90%); (d ) restrictive pulmonary physiology with reduced gas exchange; and (e) endinspiratory crackles on physical examination (16) .
Chronic inflammation, including that following asbestos exposure, is prominently implicated in the formation of numerous malignancies (see References 21-23 for a review). Approximately 20% of cancer deaths worldwide, especially those related to gastrointestinal and lung cancer (21, 22) , are caused by chronic infection and/or inflammation. In general, neoplasm prevention is a key function of normal adaptive immune responses, but tumors can also arise from dysregulated innate and/or adaptive immune responses. Similar to the wellestablished increased risk of lung cancer in patients with IPF, there is a direct relationship between excess asbestosis cases and lung cancer mortality (24) . Asbestos-related lung cancer accounts for 5% to 7% of all lung cancers worldwide (23) . Although asbestosis is a well-recognized risk factor for lung cancer following asbestos exposure, controversy persists about whether asbestosis is required for the causal attribution of lung cancer to asbestos exposure (24) (25) (26) . There is a direct relationship between the number of asbestos bodies in the lung tissue and the risk of lung cancer (26) . As reviewed in detail elsewhere (23) , there is substantial and convincing evidence showing that chronic inflammation, as occurs following exposure to asbestos, tobacco, and many other agents, can promote all stages of tumorigenesis, including DNA damage, continuous replication, apoptosis evasion, prolonged angiogenesis, self-sufficient growth signaling, resistance to antigrowth signaling, and tissue invasion/metastasis. Extensive studies by Mossman and colleagues (2, 27, 28) have established some of the important cell signaling pathways, especially the epidermal growth factor receptor (EGFR)-related extracellular signal-regulated kinase (ERK) signaling that promote lung epithelial cell and fibroblast proliferation and early response protooncogene expression that occur in the setting of pulmonary inflammation following chronic inhalation of asbestos (e.g., chrysotile and crocidolite). These signaling pathways also appear important in human epithelioid malignant mesothelioma (28) . Although these studies have detected numerous potentially important pathogenic pathways that are amenable to therapeutic manipulation, further work is required to assess the in vivo relevance of fibrosis and malignancy in animal models and in humans with asbestos pulmonary toxicity.
Role of Alveolar Epithelial Cell Apoptosis
Considerable in vitro and in vivo data show that asbestos can induce both lytic cell death and apoptosis (see References 2, 4 , and 29 for a review). Apoptosis is a regulated, ATPdependent process characterized by membrane blebbing, cell shrinkage, nuclear chromatin condensation, and DNA fragmentation. Unlike the inflammatory signaling arising from lytic cell death, apoptosis enables cells with extensive DNA damage to be eliminated without inciting an inflammatory response.
Substantial evidence convincingly confirms that AEC apoptosis is important in the pathophysiology of pulmonary fibrosis (29, 30) . First, patients with IPF and animal models of asbestosis demonstrate significant injury to the alveolar epithelium (15, (31) (32) (33) . Second, the AECs of patients with IPF have DNA strand-break formation and apoptosis, as assessed by TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling) (31) (32) (33) . As discussed below, asbestos induces AEC DNA damage and apoptosis. Third, various novel transgenic murine models show that AEC apoptosis is sufficient for inducing pulmonary fibrosis, an observation that is supported in part by the finding that the blocking of AEC-targeted apoptosis is protective (34) (35) (36) (37) . Fourth, prevention of α v β 6 integrin release from lung epithelial cells, a key activator of latent TGF-β, prevents TGF-β activation and pulmonary fibrosis (38) . Although these data firmly implicate AEC apoptosis in the pathophysiology of pulmonary fibrosis following exposure to various agents, including asbestos, future studies are necessary to define the precise molecular mechanisms involved in apoptosis, to determine how apoptosis-resistant cells promote mutagenesis, and to characterize the translational significance of apoptosis in animals and humans exposed to asbestos.
ASBESTOS-INDUCED PRODUCTION OF REACTIVE OXYGEN SPECIES
Asbestos-induced ROS generation is implicated in the development of asbestos-induced pulmonary toxicity (see References 4, 8 , and 29 for a review). Although asbestos stimulates the production of reactive nitrogen species that probably contribute to DNA damage and subsequent pulmonary toxicity (see References 4 and 39 for a review), we focus on the various mechanisms by which asbestos causes oxidative stress. There are at least three sources of ROS production following asbestos exposure, including (a) fiber surface reactivity; (b) release from inflammatory cells, especially AMs; and (c) mitochondriaderived ROS released from inflammatory and other target cells, such as lung epithelial cells and mesothelial cells.
Asbestos Fiber Surface Reactivity
The hydroxyl radical (HO · ) is a potent oxidizing agent that can initiate lipid peroxidation, kill bacteria, damage cellular DNA, and react with most organic molecules (8) . Electron spin resonance spectroscopy studies have established that ROS are produced by asbestos (e.g., chrysotile, crocidolite, and amosite) in cell-free systems from a normal by-product of metabolism (H 2 O 2 ) and that iron chelators are protective (Figure 4) (8, 40) . Even small amounts of iron (<2% total weight) complexed with asbestos can augment the generation of the highly reactive HO · from H 2 O 2 via the Fenton-catalyzed Haber-Weiss reaction shown in Equation 1 (8, 40, 41) . Alkoxyl radicals are also formed by asbestos-associated iron catalysis of organic hydroperoxides, as shown in Equation 2:
The surface of asbestos fibers deposited in the lungs acquires iron that is redox active; this iron cycles between the reduced and oxidized forms and can cause oxidative DNA damage in nearby cells (4, 8, 42) . Iron homeostasis in the lungs is abnormal in asbestos-exposed individuals, as evidenced by increased levels of BALF iron, transferrin, transferrin receptors, lactoferrin, and ferritin (19) . As recently reviewed in detail elsewhere (2, 4, 29) , numerous groups have documented that oxidative stress generated by asbestos fibers causes both alterations in antioxidant enzymes and DNA damage in all the relevant target cells (e.g., lung epithelium, AMs, and mesothelial cells) in vitro and, to a lesser extent, in vivo. These effects generally occur in an asbestos dose-dependent manner (the dose ranges from 0.05 to 250 μg cm -2 ); they preferentially impact AECs and mesothelial cells, rather than bronchial epithelial cells, and are attenuated by iron chelators (e.g., deferoxamine and phytic acid). Asbestos-induced ROS produce various DNA lesions soon after exposure, which, if not efficiently repaired, can promote apoptosis, gene mutations, chromosomal aberrations, and ultimately cell transformation (see Reference 4 for a review). Additional work is necessary to determine how asbestos-induced ROS production regulates DNA-damage signaling, p53 activation, and inflammation in relevant target cells in vitro and in vivo.
Inflammatory Cells
Inflammatory cells are another important source of ROS production, given that all forms of asbestos activate rodent and human neutrophil and AM ROS generation during so-called frustrated phagocytosis, a process that is accompanied by the release of cytokines, chemokines, proteases, and growth factors that collectively contribute to fiber pathogenicity (see References 2, 4, and 8 for a review). As described in detail below, asbestos-induced ROS generation arises from the mitochondria of target cells (e.g., inflammatory cells, AECs, and mesothelial cells) as well as by the augmentation of cytosolic NADPH oxidases that generate ROS in activated neutrophils and macrophages during the respiratory burst. Ironderived free radicals from various asbestos fibers are a major determinant of AM transcriptional activation and gene expression (8) . Oxidative stress following asbestos exposure can activate several signaling pathways involving mitogen-activated protein kinases, nuclear factor κB (NF-κB), and activator protein 1, all of which have been linked to increases in early response genes (e.g., jun and fos) that govern cell proliferation, apoptosis, and inflammatory signaling (2, 27). As stated above, asbestos fibers can also directly interact with cell-surface receptors (e.g., EGFR), thereby activating these pathways via metals that induce protein aggregation and phosphorylation (2, 27, 28) .
Several groups investigating the link between oxidative stress and inflammatory signaling following asbestos exposure have implicated multiple mechanisms, including: (a) prevention of asbestos toxicity by extracellular superoxide dismutase, in part by reducing the oxidative shedding of syndecan-1 expression (43); (b) protein kinase Cδ (PKCδ)-dependent modulation of ERK1/2 and c-Jun N-terminal kinase ( JNK) 1/2 phosphorylation and Bimassociated intrinsic apoptosis in lung epithelial cells (44); (c) H 2 O 2 -induced release of highmobility group box 1 from mesothelial and inflammatory cells around asbestos deposits when colocalized with TNF-α (45); and (d ) ROS-mediated Nalp3 inflammasome sensing (46, 47) . Inflammasomes, which are contained in macrophages and neutrophils, consists of a complex of proteins with a unique role in IL-1β-driven innate host defense for cellular danger sensing (48) . Nalp3, which is 1 of more than 20 members of the NLR family of proteins, contains an N-terminal protein-protein interaction domain that is crucial for caspase activation, a caspase recruitment domain (CARD), a central nucleotide-binding domain, and a C-terminal leucine-rich repeat domain (48) . Activation of the Nalp3 inflammasome configuration is triggered when Nalp3 recruits ASC, an adaptor molecule, and caspase-1 by CARD-CARD interactions. Notably, asbestos-and silica-induced lung inflammatory cell recruitment and cytokine produc tion (e.g., IL-1β and IL-18) are decreased in mice deficient in Nalp3, ASC, or caspase-1 (46, 47) . Moreover, through the use of specific pharmacologic ROS inhibitors, iron chelator-treated asbestos, and targeted murine knockouts, Nalp3 inflammasome activation appears to require fiber uptake into phagocytic cells as well as ROS generated by NADPH oxidase, mitochondrial oxidative phosphorylation, or both. Accumulating evidence in other inflammatory models implicates mitochondrial ROS as the crucial upstream regulator of Nalp3 inflammasome activation as well as inflammasome-independent cytokines (e.g., TNF-α and IL-6) production (49, 50, 51) . However, Nalp -/-mice do not block all asbestos-induced cytokine expression, which implicates alternative signaling pathways activated by mitochondrial ROS, such as those noted above or others suggested by gene-profiling and computational proteomic experiments (2, 50, 52-54). TNF-α as well as Nalp3 inflammasome signaling and downstream IL-1β expression have been detected in human malignant mesotheliomas, which are implicated in the promotion of cell survival and tumor growth (54) . Libby amphibole asbestos induces Nalp3 inflammasome signaling in rat lungs; these effects are blocked by iron-loaded fibers (55) . Thus, asbestos-induced oxidative stress from the mitochondria of inflammatory cells induces multiple downstream signaling pathways, which has suggested novel therapeutic targets. Future studies are necessary to determine whether any of these molecular targets are relevant for the mediation of asbestosis or mutagenesis in animals and humans.
Mitochondrial Production of Reactive Oxygen Species
Accumulating evidence strongly indicates that ROS generated from the mitochondria of key target cells mediate asbestos pulmonary toxicity. In the case of inflammatory cells, recent elegant studies by Carter and colleagues (56-59) using novel murine models have established a prominent role for AM mitochondrial H 2 O 2 production in mediating asbestosis. This finding is based on the following experimental observations: (a) AMs exposed to asbestos produce H 2 O 2 that is blocked by catalase or by mitigation of AM mitochondrial oxidative stress; (b) Ras-related C3 botulinum toxin substrate 1 (Rac1), one of the Rho family of GTP-binding proteins known to regulate NADPH oxidase, augments AM mitochondrial H 2 O 2 production; (c) knockdown of the iron-sulfur protein of complex III in the mitochondrial electron transport chain, a major site of mitochondrial ROS production, reduces asbestos-induced AM H 2 O 2 production; (d ) Rac1 is localized in the mitochondria of AMs from patients with asbestosis; and (e) asbestos-exposed mice whose AMs have conditional deletion of Rac1 show reduced oxidative stress as well as pulmonary fibrosis. Collectively, these studies show that asbestos triggers AM H 2 O 2 production by transferring electrons from complex III to Rac1 and that this transfer can culminate in asbestosis in mice. Carter and colleagues reason that AM Rac1 may be a biomarker for pulmonary fibrosis. As discussed in detail below, asbestos also activates mitochondrial ROS production in other important target cells, such as lung epithelial and mesothelial cells. Low levels of mitochondrial ROS production generally cause cell proliferation and activation of antioxidant defenses, but higher levels of mitochondrial oxidative stress trigger DNA damage, p53 activation, cell-cycle blockade, and cell death via both necrotic and apoptotic pathways. However, the site of mitochondrial ROS generation following asbestos exposure in these cells is not as well understood as in AMs. Figure 5 depicts a hypothetical model highlighting some of the important early events that occur following asbestos exposure; these events emphasize the pathways discussed above and below.
ASBESTOS-INDUCED MITOCHONDRIA-REGULATED APOPTOSIS

Mitochondria-Regulated Apoptosis
The two mechanisms by which cells undergo apoptosis include the extrinsic (death receptor-related) and intrinsic (mitochondria-regulated) death pathways. We focus on the latter because diverse stimuli, including ROS, DNA damage, and asbestos, activate the intrinsic death pathway by increasing the permeability of the outer mitochondrial membrane; reducing the mitochondrial membrane potential (Δψ m ); and releasing apoptotic proteins, including cytochrome c (see References 29 and 60-63 for a review). The B cell lymphoma 2 (Bcl-2) family of proteins is grouped into a hierarchy of four classes according to structure and function (pro-or antiapoptotic) (Figure 6 ). The first class consists of a common BH3-only domain that functions as an inactivator BH3-only protein [e.g., Bad, Bik (Bcl-2-interacting killer), and Noxa] by inactivating a second class of Bcl-2 antiapoptotic family members that contain all four BH3 domains [e.g., Bcl-2, Bcl-XL (B cell lymphoma extra large), and Mcl-1 (myeloid cell leukemia sequence 1)]. The antiapoptotic family members act on a third class of proapoptotic, activator BH3-only proteins [e.g., tBid, Bim (Bcl-2-like 11), and PUMA (p53-upregulated modulator of apoptosis)], which activate a fourth set of proapoptotic proteins [i.e., Bax (Bcl-2-associated X protein), Bak (Bcl-2 homologous antagonist killer), and Box]. Bax-and Bak-induced outer-mitochondrial membrane permeabilization is implicated as the point of no return in the intrinsic apoptotic pathway; it causes the release of apoptotic molecules and caspase activation (29, (60) (61) (62) (63) . The Bcl-2 family members function at both the mitochondria and the ER. Although the detailed molecular mechanisms regulating cross talk between these two organelles and the Bcl-2 family members is not fully understood, and is beyond the scope of this review, some pertinent studies exploring asbestos pulmonary toxicity are discussed below.
The mitochondrial death pathway is important in mediating asbestos-induced apoptosis in all the relevant lung target cells (see References 2, 4, and 29 for a review). Asbestos increases Δψ m , which causes the release of cytochrome c from the mitochondria into the cytosol, where caspase-9 and -3 are then activated (2, 4, 29) . Notably, in AECs these effects were blocked by phytic acid (an iron chelator), benzoic acid (a free-radical scavenger), and the overexpression of Bcl-XL (65). Asbestos-induced AEC intrinsic apoptosis was blocked in cells lacking mtDNA and the ability to generate ROS, suggesting that that mitochondrial ROS mediates asbestos-induced apoptosis (66) . Evidence for a crucial role for AEC mitochondrial ROS production following asbestos exposure was obtained by use of a highly sensitive Rho-GFP (green fluorescent protein) probe targeted to the mitochondria to detect ROS production (67) . Mesothelial cells exposed to asbestos also undergo intrinsic apoptosis, in part because mtDNA is more sensitive than nuclear DNA to damage following crocidolite asbestos exposure (68) . Studies by Mossman and colleagues (44, 69, 70 ) demonstrated a key role of PKCδ in the mediation of asbestos-induced AEC intrinsic apoptosis. PKCδ is activated and migrates to the mitochondria of bronchiolar cells and AECs following asbestos exposure both in vitro and in vivo. Administration of rottlerin, a specific inhibitor of PKCδ, or overexpression of a dominant-negative form of PKCδ abolishes the effects of asbestos in a murine pulmonary epithelial cell line. PKCδ phosphorylates ERK and JNK, which leads to Bim activation and subsequent intrinsic apoptosis. Collectively, these studies link altered mitochondrial function by PKCδ and mitochondrial ROS production to asbestos-induced intrinsic apoptosis. Although there is some evidence that ROS production and apoptosis require internalization of asbestos fibers via integrins or other receptors (see References 2 and 3 for a review), the precise molecular mechanisms underlying asbestos entry into noninflammatory cells, causing mitochondrial ROS production and apoptosis, are largely unknown. There are also some in vivo data demonstrating that asbestos (crocidolite, amosite, and chrysotile) triggers apoptosis in cells at the bronchoalveolar duct junction, distal alveolar epithelium, and mesothelial cells, as assessed by various techniques (see References 2, 4, and 29 for a review). However, the role of the mitochondria and the pathophysiologic significance of apoptosis in the context of asbestosis, as well as malignant transformation following asbestos exposure, require further investigation.
Mitochondria-Endoplasmic Reticulum Cross Talk
The ER is an important regulator of intrinsic apoptosis, but the detailed molecular mechanisms underlying cross talk between the ER and mitochondria and how this cross talk regulates mitochondrial metabolism, mitochondrial Ca 2+ levels, and cell survival/death signaling are not fully understood (see References 29, 61 , and 71-73 for a review). The ER is dedicated to protein synthesis, folding, and transport, as well as maintenance of Ca 2+ homeostasis. Ca 2+ is important for triggering proapoptotic membrane permeabilization and intrinsic apoptosis (61, 71, 74, 75) . Close tethering of the ER to the mitochondria appears crucial in mediating these various functions (73, 76) . For example, Mitofusin 2, one of several recently described proteins localized at mitochondrion-associated membranes (MAMs), physically links the mitochondrion to the ER and is necessary for mitochondrial Ca 2+ uptake following ER release (73, 76) . Chemical and structural stressors cause unfolded proteins to accumulate in the ER, leading to ER stress and activation of three unfolded protein response (UPR) signaling cascades, namely (a) inositol-requiring kinase 1α (IRE-1α)/X box-binding protein 1 (XBP1), (b) activated transcription factor 6, and (c) protein kinase RNA-like ER kinase/eukaryotic initiation factor 2a (see References 29, 61 , and 71-73 for a review). The UPR coordinates adaptive cellular responses that promote survival but, in the setting of sustained ER stress, can trigger apoptosis. ER-mitochondrial cross talk is tightly regulated by the expression of various Bcl-2 family members. Prosurvival signaling is generated by transient Ca 2+ release, whereas intrinsic apoptotic agents require sustained Ca 2+ release accompanied by mitochondrial Bax/Bak binding (61, 74, 75) . Agents that induce ER stress also cause intrinsic apoptosis via a Bax/ Bak-dependent mechanism involving the modulation of ER to mitochondria home-ostatic Ca 2+ levels (61, 74, 75) . Sarcoplasmic ER Ca 2+ ATPase (SERCA) overexpression in Bax/ Bak double-knockout mouse embryonic fibroblasts, cells that are resistant to intrinsic apoptosis, restores ER Ca 2+ levels and the intrinsic apoptotic response following oxidative stress. Bcl-2 regulates Ca 2+ mobilization from the ER to the mitochondrion by blocking the homodimerization of proapoptotic Bax at the mitochondrion that displaces SERCA from the MAM (74, 75, 77, 78) . Sigma-1 receptors, which are located at the MAM, regulate Bcl-2 expression by ROS-dependent NF-κB transcriptional control (79) . ER Ca 2+ release to the mitochondria is necessary, but not sufficient, for the induction of intrinsic apoptosis by the coordination of ER stress survival signals through IRE-1α/TNF receptor-associated factor 2 that can result in sustained activation of apoptosis signal-regulating kinase 1 and JNK (80). Bcl-2 regulates phosphorylation of the inositol-1,4,5-triphosphate receptors, which are the channels that mediate ER Ca 2+ release (81) . Protein kinase B (Akt) mitigates apoptosis by phosphorylating these receptors, thereby attenuating ER Ca 2+ release and the prevention of mitochondrial Ca 2+ overload and subsequent intrinsic apoptosis (82) (83) (84) . Thus, Bax and/or Bak can act at both the mitochondria and the ER to modulate ER Ca 2+ levels and subsequent intrinsic apoptosis following exposure to an apoptotic stimulus. Figure 7 shows some of the key components of ER-mitochondria cross talk, discussed above, that are involved with intrinsic apoptosis.
Several lines of evidence indicate that ER stress responses play a potentially important role in patients with IPF that may be relevant to asbestos pulmonary toxicity. First, several studies have established that AECs in patients with IPF undergo intrinsic apoptosis that colocalizes with markers of ER stress (85, 86) . Second, ER stress promotes epithelialmesenchymal transition (EMT) that can generate myofibroblasts, one of the key effector cell types in IPF (87) (88) (89) . Third, a mutant, misfolded form of surfactant protein C (SP-C δ exon4 ) that is associated with familial pulmonary fibrosis causes AEC ER stress and EMT (89) (90) (91) (92) . Another SP-C mutant, SP-C L188Q , is associated with familial interstitial fibrosis (92) . Transgenic mice that conditionally express SP-C L188Q only in their AT2 cells do not develop pulmonary fibrosis when exposed to ER stress (e.g., intratracheal tunicamycin) unless a second profibrotic stimulus (e.g., bleomycin) is added (93) . These data suggest that ER stress that occurs following exposure to various toxins, perhaps including asbestos, produces abnormal lung epithelium that promotes fibrosis. Abnormal AEC ER has been found in a rat model of asbestosis (15) . Our group has observed that asbestos-exposed human A549 and rat AT2 cells release ER Ca 2+ within 5 min and activate the UPR signaling proteins, IRE-1α and XBP1, within 1 h (94) . Preliminary studies show that simultaneous treatment with the ER chemical chaperone 4-phenyl butyric acid abolishes asbestos-induced increases in IRE-1α and XBP1 but does not prevent mobilization of ER Ca 2+ or apoptosis. Additional work is required to more fully understand how asbestos-induced ER stress alters intrinsic AEC apoptosis and whether this process will afford a novel therapeutic target for the remediation of pulmonary fibrosis.
ROLE OF p53 IN ASBESTOS PULMONARY TOXICITY
p53 is considered the gatekeeper of the genome because it integrates various signals and initiates the appropriate cellular responses, including cell-cycle arrest, differentiation, apoptosis, senescence, and antiangiogenesis (see References 4, 29, and 95 for a review). The functions of p53 are mediated by transcriptional activation that regulates the expression of downstream target genes, including distinct p53 transcriptional programs involved in acute DNA-damage responses and tumor suppression (96) . A normal-functioning p53 response after exposure to DNA-damaging agents prevents mutations from accumulating. The importance of the p53 tumor-suppressor function is underscored by the facts that over half of all human cancers have p53 mutations and that p53 null mice have a marked increase in cancer predisposition (97) . p53 is also redox sensitive, and its transcriptional function is integrally linked to oxidative stress, which allows it to orchestrate downstream cellular effects including the induction of apoptotic cell death (4, 29, 95) . ROS activate p53 expression, but p53 stabilization can also promote further ROS generation, often via effects on the mitochondria (4, 29, 95) . By regulating thousands of genes, either directly or indirectly, p53 modulates numerous vital cellular roles, including mtDNA maintenance (discussed below) (98, 99) . Altered p53 expression is implicated in the pathophysiology of pulmonary fibrosis, including that caused by asbestos exposure, and asbestos-associated malignancies, especially bronchogenic lung cancer (100) (101) (102) (103) . Asbestos activates p53 and p21 expression in lung epithelial and mesothelial cells that result in cell-cycle arrest (104) (105) (106) (107) (108) . Furthermore, increased p53 levels are detected in lung cancers of patients with asbestosis (109), and p53 point mutations are present in the lung epithelium of smokers and asbestos-exposed individuals (110) . Crocidolite asbestos promotes p53 gene mutations predominantly in axons 9 through 11 in BALB/c-3T3 cells (111) . In lung-specific dominant-negative p53 mice, chrysotile asbestos induces TGF-β and other proinflamma-tory/fibrotic signaling and increases adenocarcinoma formation (112) . Finally, studies in lung epithelial and mesothelial cells, performed with gene-expression microarray techniques, hierarchical clustering analyses, and a systems biology approach to examine asbestos-induced wholegenome expression profiling (54,000 genes), confirm that p53 activation plays a crucial role, along with the activation of nearly 2,500 other genes, in the regulation of tumor suppression, cell-cycle arrest, apoptosis/antiproliferation, and cell survival/antiapoptosis (113, 114) . Thus, p53 plays an important role in the regulation of lung cellular DNA-damage response following exposure to oxidative stress, as occurs with asbestos and tobacco smoke.
The precise mechanisms by which p53 regulates apoptosis are complex and not fully established, but they include both p53 transcription-dependent and transcription-independent mechanisms (4, 29, 95) . p53 can induce intrinsic apoptosis by increasing the gene expression of proapoptotic stimuli (e.g., BAX, NOXA, and PUMA) while inhibiting the expression of antiapoptotic Bcl-2 family members. One of the p53 transcription-independent mechanisms that promote apoptosis involves wild-type p53 protein interacting with the antiapoptotic Bcl-XL protein in the cytoplasm to augment Bax/Bak-induced outer mitochondrial membrane permeabilization. Tumor-derived p53 mutants that block the interaction between p53 and Bcl-XL cause a double hit on the mitochondria-regulated apoptotic pathway by preventing both transcription-dependent and direct mitochondrial effects of p53 (29, 95) . Considerable evidence has established that p53 is a crucial regulator of mitochondrial functions, including ROS generation and mtDNA repair following oxidative damage, as well as mitochondrial biogenesis and mtDNA replication (see Reference 29 for a review). For example, p53 mediates asbestos-induced, mitochondriaregulated apoptosis in lung epithelial cells; this effect is blocked in cells that are incapable of producing mitochondrial ROS (115) . Further, amosite asbestos triggers mitochondrial translocation of Bax and p53 in cultured lung epithelial cells and induces p53 expression in rat lungs two weeks following intratracheal instillation; these effects are blocked by phytic acid, an iron chelator (Figure 8) . Notably, the loss of p53 results in mtDNA depletion, altered mitochondrial function, and increased H 2 O 2 production (98, 99) . Further studies are necessary to more fully understand how asbestos-induced p53-dependent signaling alters mitochondria-regulated AEC apoptosis and whether this signaling represents a novel therapeutic target for the remediation of asbestos-induced pulmonary fibrosis and malignant transformation. Figure 9 shows a hypothetical model highlighting some of the key p53-dependent pathways that are activated following asbestos exposure in mediating intrinsic apoptosis.
ROLE OF MITOCHONDRIAL OGG1/ACO2
Mitochondrial DNA Repair
Because approximately 1-5% of the total molecular oxygen utilized by mammalian mitochondria is converted into ROS, the mitochondria are one of the main cellular targets of oxidative damage (see References 60, 116 , and 117 for a review). Mitochondrial ROS production following asbestos exposure causes DNA damage that must be efficiently repaired; otherwise, it could trigger apoptosis or other mutagenic abnormalities that would contribute to its malignant potential (see References 4, 8 , and 29 for a review). Oxidative stress causes multiple types of DNA-base damage, but one of the most abundant lesions is 8-hydroxyguanine (4, 117). The 8-hydroxyguanine residue base pairs with adenine, rather than cytosine, which causes transversion mutations in replicating cells. These mutations have been implicated in aging and the development of cancer (4, 117, 118) . There is evidence that polymorphisms of DNA-repair genes could identify asbestos-exposed workers at risk of developing a malignancy (119) (120) (121) (122) . Inefficient repair of oxidative mtDNA damage augments the accumulation of mtDNA damage and mutations that can lead to mitochondrial dys-function and apoptosis. Lung mesothelial cell mtDNA damage occurs following exposure to a fourfold-lower dose of crocidolite asbestos than is necessary for the induction of nuclear DNA damage (68) . As recently reviewed elsewhere (23), several lines of evidence implicate mtDNA oxidative injury as a key trigger of apoptosis that can promote inflammation-associated cancer. These findings include the following: (a) Cell death is more closely associated with mtDNA oxidative lesions than with nuclear DNA damage, (b) mtDNA damage causes ATP depletion and mitochondrial dysfunction, (c) enhancement of mtDNA repair can prevent cell death, and (d ) defective mtDNA repair speeds up cell death. Herein, we focus on the repair of 8-hydroxyguanine by mitochondrial human 8-oxoguanine DNA glycosylase 1 (mt-hOGG1) because it is the best-characterized mitochondrial base excision-repair protein.
The base excision-repair pathway is responsible for most of the mtDNA repairs that are important for genome stability and long-term cell survival (see References 29 and 117 for a review). All mtDNA-repair enzymes, including those involved in base excision repair, are encoded in the nucleus and imported into the mitochondria. Base excision repair occurs over four sequential enzymatic steps involving DNA glycosylase, apurinic/apyrimidinic (AP) endonuclease, DNA polymerase, and DNA ligase. The initial base excision-repair step involves recognition and removal of the aberrant 8-hydroxyguanine base pair by a DNA glycosylase. OGG1 is a bifunctional protein located on chromosome 3p26.2 that contains a DNA glycosylase that recognizes and removes 8-hydroxyguanine, but it also has AP-lyase activity that cleaves DNA at abasic sites through a β-elimination mechanism (123, 124) . Mice that are deficient in OGG1 show substantial accumulation of 8-hydroxyguanine in mtDNA and nuclear DNA, which suggests that this enzyme is important in most of the base excision-repair activity following oxidative stress, as occurs with asbestos (125) . Interestingly, the mitochondria, rather than the nucleus, are the primary site of OGG1 DNArepair activity, as determined with assessments that used fluorometric techniques to identify the site of OGG1 DNA-repair activity following exposure to oxidative stress (126) . Not surprisingly given the above findings, OGG1 gene mutations or polymorphisms increase the risk of various malignancies, including lung, kidney, gastric, head and neck, and colorectal cancers, as well as leukemia (see References 23, 117 , and 125 for a review).
Role of OGG1 and ACO2 in Preventing Asbestos-Induced Apoptosis
Several groups have shown that mt-hOGG1 overexpression attenuates mtDNA damage and intrinsic apoptosis caused by ROS-exposed vascular endothelial and asbestos-exposed cells (67, (127) (128) (129) (130) (131) . This evidence indicates that mt-hOGG1 plays a key role in the regulation of intrinsic apoptosis in diverse types of oxidative stress, including that induced by asbestos. Alternative splicing of the OGG1 transcript creates two isoforms: α-OGG1 and β-OGG1 (117, 125) . β-OGG1 levels in the mitochondria are 20-fold higher than α-OGG1 levels are, but surprisingly, β-OGG1 lacks OGG1 activity (132) . This finding led our group to suggest that OGG1 plays a cellular role that is independent of DNA repair (67) . We reported that overexpression of mitochondrial α-OGG1 mutants lacking 8-hydroxyguanine DNA-repair activity were as effective as wild-type mt-OGG1 in preventing oxidant (asbestos and H 2 O 2 )-induced caspase-9 activation and intrinsic apoptosis. Mitochondria-targeted OGG1 did not alter the levels of mitochondrial ROS produced but, interestingly, preserved ACO2; this finding suggests a novel role for OGG1, as discussed further below.
ACO2, an enzyme that is crucial for carbohydrate and energy metabolism, is responsible for the interconversion of citrate and isocitrate in the tricarboxylic acid (TCA) cycle and is a key enzyme regulating bioenergy transformation, given that loss of its activity decreases cell survival (133) . ACO2 is an iron-sulfur protein that is susceptible to oxidative inactivation causing the release of redox-active iron from the (4Fe-4S) 2+ center; there is evidence that ACO2 is a mitochondrial redox sensor (134) . Aconitase inactivation augments the deficiency of mitochondrial manganese superoxide dismutase (135) ; is associated with decreased life span in Drosophila (136); and is implicated in numerous neurodegenerative diseases, including progressive supranuclear palsy (137), Friedreich's ataxia (138) , and Huntington's disease (139) . A study in yeast found that ACO2 preserves mtDNA independently of aconitase's catalytic activity, which suggests that ACO2 plays a novel dual role as a mitochondrial TCA enzyme and in mtDNA maintenance (140) . ACO2 coprecipitates with frataxin, an iron chaperone protein that prevents ACO2 oxidative inactivation and/or augments ACO2 reactivation and is implicated in the pathogenesis of Friedreich's ataxia (141) . Our group reported that overexpression of both mt-hOGG1 wild type and mutants completely blocks (a) oxidant (asbestos and H 2 O 2 )-induced decreases in AEC mitochondrial ACO2 activity and (b) protein expression in lung epithelial cells (67) .
Moreover, with immunoprecipitation techniques we showed that ACO2 colocalizes with both wild-type and mutant mt-hOGG1. Notably, overexpression of ACO2 also blocks oxidant-induced AEC apoptosis, whereas OGG1 underexpression obtained with shorthairpin RNA techniques decreases basal ACO2 levels and augments oxidant-induced AEC apoptosis. The latter findings are in accord with those from several recent studies, which showed that OGG1 deficiency increases oxidant-induced apoptosis (142) (143) (144) . Collectively, these findings implicate a novel interaction between a mtDNA-repair enzyme (mt-OGG1) and ACO2 in preventing intrinsic AEC apoptosis following exposure to oxidative stress (e.g., stress from asbestos or H 2 O 2 ).
The mechanisms underlying the interactive protective effect of mt-hOGG1 and ACO2 against asbestos-induced AEC apoptosis require further study, but there are at least two possibilities, which are not mutually exclusive. First, mt-hOGG1 may prevent oxidative modification of ACO2 that is responsible for triggering ACO2 degradation by mitochondrial Lon protease (145, 146) . Because Lon protease selectively degrades oxidatively modified ACO2 at a much higher rate than unexposed aconitase does, ACO2 oxidative modification may be important in mitochondrial dysfunction, and it may ensure that such cells undergo intrinsic apoptosis (145, 146) . Support for this hypothesis is our finding that MG132, a protease inhibitor that blocks mitochondrial Lon protease (147) , attenuates asbestos-induced reductions in ACO2 activity (67) . Second, overexpression of mt-hOGG1 or ACO2 may preserve the mtDNA levels necessary to prevent activation of intrinsic apoptosis. Future studies are required to clarify these possibilities and to determine precisely how mt-hOGG1 interacts with aconitase and whether other mtDNA repair proteins act similarly.
Several lines of evidence implicate a potentially important link among p53, OGG1, and ACO2. First, OGG1 is transcriptionally regulated by p53 in colon and renal epithelial cells (143) . The expression and activity of OGG1 are reduced in HCT116p53 -/-cells, which is explained by the facts that p53 binds to the putative cis elements within the OGG1 promoter and that overexpression of p53 in HCT116p53 -/-cells restores OGG1 transcription. Second, p53 may regulate ACO2 levels because thymoquinone, a p53-dependent antineoplastic drug, reduces ACO2 enzyme activity in isolated rat liver mitochondria (148) . Third, ACO2 is a p53-downregulated gene in some cells; ACO2 gene expression in prostate carcinoma cells is inhibited by both endogenous p53 induction by camptothecin treatment and exogenous p53 induction by transient overexpression of p53 (149) . Camptothecin does not affect ACO2 reporter activity in p53-null PC-3 cells, which suggests that the decrease in ACO2 gene expression by camptothecin occurs via p53 activation. The relevance of these findings to asbestos exposure and to other cell types, as well as their significance in vivo, requires further study. Figure 10 shows a hypothetical model that highlights some of the key OGG1/ACO2-dependent pathways described above in the mediation of apoptosis. Under normal physiological conditions, OGG1 is associated with ACO2's promotion of normal mitochondrial function and TCA cycling by reducing ACO2 oxidative degradation that may occur following exposure to low levels of ROS. However, in the setting of additional oxidative stress, such as that which follows exposure to asbestos or H 2 O 2 , mtDNA damage occurs, causing the engagement of α-OGG1 binding to mtDNA. This binding pulls ACO2 out of the TCA cycle, thereby reserving energy production for DNA repair. Although the β-OGG1 isomer cannot bind DNA or repair the 8-oxoguanine byproduct of DNA, it may play a role in sheltering ACO2 from oxidative damage. However, high levels of oxidative stress that exceed the antioxidant defenses and DNA-repair capacity of the cell result in oxidative modification of ACO2 and degradation by Lon proteases, which promotes the release of additional redox-active iron, irreversible mitochondrial dysfunction, and apoptosis. Additional studies are warranted to assess whether OGG1 functions as an ACO2 chaperone to protect mtDNA from asbestos and other forms of oxidative stress. If so, investigators should determine whether the ACO2 protection of mtDNA is an important regulated target for novel pharmacological therapy to prevent oxidant-induced mitochondrial dys-function and apoptosis that are important in respiratory disorders, including asbestosis and pulmonary fibrosis, aging, neurodegenerative disease, and cardiovascular disease. Table 1 summarizes some of the important molecular mechanisms underlying asbestosinduced pulmonary toxicity that are discussed herein. Emerging evidence demonstrates that mitochondria-and p53-regulated death pathways mediate AEC apoptosis, which is an important early event in patients with asbestosis and IPF, both of which may be modulated by the ER. There may also be an important interactive effect among mtOGG1, ACO2, and p53 in mtDNA repair and oxidant-induced intrinsic apoptosis. Although we focus on the role of oxidative stress caused by exposure to asbestos fibers, many of the interactive effects among mtOGG1, ACO2, p53, and intrinsic apoptosis described herein will probably have important broader implications regarding pulmonary fibrosis and mutagenesis. However, future studies exploring the role of these various interactive effects in transgenic animal models and in humans will be required. Additional studies will be necessary to further characterize the role of mt-OGG1 and ACO2 in the prevention of mtDNA damage (including following asbestos exposure), p53 activation, and intrinsic apoptosis. It will also be interesting to better understand the molecular mechanisms by which mt-OGG1 binds ACO2. Table 1 highlights some of the crucial areas that require further investigation. Finally, and perhaps most importantly, the asbestos paradigm will shed light onto the molecular basis underlying pulmonary toxicity, which will provide a better understanding of the pathogenesis of other, more common diseases, such as lung cancer and IPF, for which effective treatment regimens are urgently required. Strategies focused on promoting mtDNA integrity in key target cells by limiting oxidative stress or p53 signaling and by augmenting mitochondrial OGG1 and/or ACO2 levels may prove useful in developing novel therapeutic treatments for tumors and degenerative diseases, as well as in modulating the effects of aging. Asbestos fiber types. Amphiboles (e.g., crocidolite, amosite, anthrocite, and others not shown) are straight, rod-like fibers, whereas serpentines (e.g., chrysotile) are curvilinear fibers. Hypothetical model of asbestos-induced pulmonary fibrosis. Asbestos elicits a macrophage response to phagocytize and clear the fibers, but this response results in reactive oxygen species (ROS) production by a Rac1-dependent mechanism as well as the release of cytokines and growth factors. Asbestos-induced alveolar macrophage (AM) and alveolar epithelial cell (AEC) mitochondrial ROS production promotes AEC apoptosis that may be important for myofibroblast differentiation, collagen deposition by myofibroblasts, and ultimately pulmonary fibrosis. Abbreviations: PDGF, platelet-derived growth factor; IL, interleukin; Rac1, Ras-related C3 botulinum toxin substrate 1; TGF, transforming growth factor; TNF, tumor necrosis factor. The B cell lymphoma 2 (Bcl-2) protein family and its role in mitochondria-regulated apoptosis. Abbreviations: A1, Bcl-2-related protein A1; Bak, Bcl-2 homologous antagonist killer; Bax, Bcl-2-associated X protein; APAF-1, apoptotic protease-activating factor 1; Bcl-XL, B cell lymphoma extra large; Bik, Bcl-2-interacting killer; Bim, Bcl-2-like 11; Bmf, Bcl-2-modifying factor; BNIP3, Bcl-2/adenovirus E1B 19-kDa protein-interacting protein 3; Bok, Bcl-2-related ovarian killer; Hrk, Harakiri Bcl-2-interacting protein; Mcl-1, myeloid cell leukemia sequence 1; PUMA, p53-upregulated modulator of apoptosis. Adapted from Reference 64. Hypothetical model of mitochondria-endoplasmic reticulum (ER) cross talk in asbestosinduced apoptosis. ER stress due to asbestos causes Ca 2+ release and activation of an unfolded protein response (UPR), especially inositol-requiring kinase 1α (IRE-1α), which lead to activation of mitochondria-regulated apoptosis. Abbreviations: Akt, protein kinase B; ATF, activating transcription factor; BiP, binding immunoglobulin protein; CHOP, CCAAT/ enhancer-binding protein homologous protein; eIF2α, eukaryotic initiation factor 2α; ERAD, endoplasmic reticulum-associated protein degradation; IP3R, inositol-1,4,5-triphosphate receptor; PERK, protein kinase RNA-like endoplasmic reticulum kinase; PML, promyocytic leukemia oncogenic protein; PTP, permeability transition pore; ROS, reactive oxygen species; XBP1, X box-binding protein 1. Modified from Reference 61. Asbestos induces more than 2,500 genes, including a prominent p53 response. Interaction between asbestos and cells causes reactive oxygen species (ROS) production, DNA damage, p53 activation, and apoptosis. Abbreviations: Bax/Bak, Bcl-2 homologous antagonist killer/ Bcl-2-associated X protein; Bcl-2, B cell lymphoma 2; CYR61, cysteine-rich, angiogenic inducer, 61; GADD45, growth arrest and DNA damage; Mcl-1, myeloid cell leukemia sequence 1; Noxa, nicotinamide adenine dinucleotide phosphate oxidase activator 1; PKC, protein kinase C; PTEN, phosphatase and tensin homolog; p21, cyclin-dependent kinase inhibitor 1/WAF-1; SOD2, superoxide dismutase 2; STC1, stanniocalcin 1. Modified with permission from Reference 5. Hypothetical model showing mitochondrial human oxoguanine glycosylase 1 (hOGG1) and aconitase interactions that promote cell life or death. Abbreviations: ACO2, mitochondrial aconitase; mtDNA, mitochondrial DNA; ROS, reactive oxygen species; TCA, tricarboxylic acid. Reprinted with permission from Reference 67.
CONCLUSIONS
